INTRODUCTION
The damage that large infrequent disturbance events, such as hurricanes and cyclones, can cause to forest systems has been widely discussed (Everham & Brokaw 1996) . The focus has been on abiotic factors that influence patterns of damage (Martin & Ogden 2006) and effects on the composition and structure of forest vegetation (Zimmerman et al. 1994) . However, little information is available on the micro-environmental effects that large storm events have on forest canopies (Turton 2013 , Turton & Siegenthaler 2004 .
The structural impact of infrequent high-energy weather events depends on the properties of regional and local stands (Martin & Ogden 2006) , the geographical environment and the frequency, strength, duration, severity and size of the disturbance event (Everham & Brokaw 1996 , Sturtevant et al. 2014 . For example, topographic sheltering can reduce the local impact on forest trees, while their vulnerability to wind damage can increase on exposed sites such as ridge tops (Brokaw & Grear 1991) . Repetitive wind damage may result in either stand adaptations to wind damage (de Gouvenain & Silander 2003) or increased vulnerability to additional disturbances through changing stand physiognomy (Uriarte et al. 2004) . The scale of the impact is highly variable and can extend from mass uprooting of trees, to branch damage (e.g. breakage, bending stress and wounds), to defoliation of the canopy.
The effects that these structural changes have on the micro-environment of the Consequently, change in the forest micro-environment can have wide-reaching implications for the forest stand and associated biota (Benzing 1990 , CachPérez et al. 2013 . Little is known about the recovery of forest microenvironment and even less about microclimatic changes along the vertical forest profile after disturbance (Turton & Siegenthaler 2004) .
To assess how the forest micro-environment changed following long-term exposure to hurricane winds in Cusuco National Park, Honduras, we developed a model that allowed us to identify areas that have been least/most impacted by hurricanes over a 15-y period (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (Batke et al. 2014) . The model was verified on the ground using tree damage as a proxy for wind impact (Batke et al. 2014) . As the forest canopy will be structurally altered as a result of past wind disturbances, it can be hypothesised that the forest microclimate will differ along a gradient of hurricane exposure.
To investigate this, we tested the correlation between predicted hurricane exposure and the local microclimate within individual trees (expressed as VPD).
It was predicted that VPD will increase in tree canopies that are found in highexposure sites, as they are likely to be more affected by hurricane winds. As the response to wind damage is predicted to change among tree species, we also expected to find differences in VPD among them. were assessed following validation on the ground using tree assessment methods and by correlating the exposure scores to the observed tree damage on the ground. Damage on individual trees in CNP was explained best by the correlation of tree damage with the south and south-east model solutions (i.e.
exposure to south and south-easterly winds) (Batke et al. 2014) .
Plot and tree selection
Between June and August 2012 and 2013 a total of ten plots was sampled (four additional plots to those in Batke et al. 2014) . The locations of the plots were standardised using the results from the hurricane model and a contour map of CNP and randomly selected as described in Batke et al. (2014) . Bolton (1980) showed that this assumption for VPD is sufficiently accurate (0.1%) for temperatures between -30 o C and 35 o C. As a first step, saturation vapour pressure (e s ) was calculated as follows: 
Where T is the temperature ( o C). Because hourly temperature and RH measurements were available, the actual vapour pressure (e a ) and VPD were determined as follows:
and
The calculated VPD was correlated to the different model solutions, altitude, tree species and data logger position within the canopy, and compared between different plots and months.
RESULTS

Branch damage
Branch damage differed significantly among different tree groups (Pearson's Chi-square; grouping 1: X 2 = 106, P < 0.01; grouping 2: X 2 = 82.8, P < 0.01; grouping 3: X 2 = 78.4, P < 0.001). Standardized residuals from loglinear models (LLM) showed that most of the difference in observed branch damage between different tree types was among conifers and angiosperms (Table 1) . Branch damage was significantly higher for Pinus trees than for angiosperms, and the latter had significantly higher numbers of undamaged branches (Table 1) .
Vapour Pressure Deficit
Linear mixed models (LMM) with random nested effects were used to identify changes in mean VPD as a function of the eight hurricane exposure solutions, altitude, position in the canopy and different tree species. A Shapiro-Wilks test and visual assessment were used to test for data normality. No further transformation was necessary (P < 0.05). VPD was not included as a seasonal (i.e. dry/wet) or diurnal measurement, but merely as a monthly measurement.
This was done because 'Month' had the highest VIF. Monthly VPD was strongly correlated with diurnal VPD (Adj. R 2 = 0.97, P < 0.01) and seasonal VPD (Adj. R 2 = 0.99, P < 0.01). Moreover, diurnal VPD was strongly correlated to seasonal VPD (Adj. R 2 = 0.98, P < 0.01).
As a first step, the eight different hurricane exposure solutions, which predicted the hurricane exposure from different wind-inflow directions, were compared using maximum likelihood (ML) ratio tests. The south solution (i.e. exposure to south and south-easterly winds) was the model with the best fit (AIC = 582.07).
In a second step, the south solution model was remodelled using different interaction and random-effect combinations to identify the contribution of different nested and random effects on the overall model performance ( Table   2 ). Note that the interaction terms (e.g. plot x position) were not included here, as the overall variance did not significantly contribute to the total variance of the models. The best-fit model remained model one (M1a). Here VPD was Table 3 ). Due to the low variance of each random effect (total variance = 0.7%), all random effects were removed from the model and a linear model (LM) was used instead. The fitted LM explained 83% of the total variance, of which 67% was attributed to monthly fluctuation, 15% to altitude, 12% to historical hurricane damage and 6% to canopy position (Table 4) .
VPD was significantly different among different tree species (df = 435, P < 0.01) and types (df = 435, P < 0.01). The main differences were observed between conifers and angiosperms. Angiosperm trees, with the exception of L. styraciflua (t = 6.6, P < 0.01), had significantly lower VPD compared to conifer trees (t = 5.9, P < 0.01). However, as the variation of VPD in the model (i.e. M1a) was not significantly explained by different tree species (Table 2) , tree species was not analysed further as a variable.
Micro-environmental canopy conditions (i.e. VPD) differed amongst heights within the canopy, as well as the months in which the results were recorded (Figure 2 ; Table 5 ). Although seasonal and diurnal VPD changes were not included in the overall model, significant differences between mean VPD in the dry and wet seasons were detected (df = 439, F = 15.8, P < 0.01), with the dry season having significantly higher VPD (2.8 ± 1.09 kPa) compared to the wet season (2.4 ± 1.1 kPa). Additionally, a Tukey Honest Significant Differences (TukeyHSD) test showed that VPD changed significantly between night and day and October/January (P > 0.05).
An analysis of variance (ANOVA) with Bonferroni adjustment revealed that VPD varied significantly between different canopy positions (df = 438, F = 17.5, P < 0.01). The lower canopy had significantly lower VPD compared to the middle (P < 0.01) and upper canopy (P < 0.01). However, the middle canopy did not differ statistically from the upper canopy (P > 0.05).
Additionally, VPD increased with hurricane EVSS (Estimate = 0.28, F = 74.2, R 2 = 0.14, P < 0.01), with the exception of EVSS 4. Differences between exposure levels were detected following pairwise comparisons among EVSSs 1, 3 and 5 (P < 0.01); 2, 3 and 5 (P < 0.01); 3 and 4 (P < 0.01) and 4 and 5 (P < 0.01).
Mean VPD increased with height in the canopy and increased hurricane exposure. VPD was significantly lower in canopies that were less likely to be impacted by hurricanes compared to canopies that were more likely to be affected (lower: t = 5.48, P < 0.01; middle: t = 8.04, P < 0.01; upper: t = 9.51, P < 0.01) (Figure 3 ).
DISCUSSION
The effects of disturbance by hurricane winds depends on the spatial environment of the trees, their proneness to damage, the frequency of hurricane events, and the size and intensity of prior disturbances (Boose et al. 2001 , trees of different size was not very apparent in our study, because most of the investigated trees were similar in height (mean ± SD tree height = 40.4 ± 9.9 m).
Moreover, tree species may differ in their susceptibility to storm events. Pinus spp. had much higher levels of branch damage than the angiosperm canopy species. These findings are consistent with other studies (Brokaw & Walker 1991 , Foster & Boose 1992 . Xi et al. (2008) reported that the probability of tree damage differs between tree species in a Carolina forest. They found that species such as Pinus taeda are more susceptible to hurricane damage compared to species such as Liquidambar styraciflua, Quercus spp.
(deciduous) and Fagus grandifolia. Although no statistical differences among L.
styraciflua, Quercus spp. and angiosperm division (group one) were detected in our study, the angiosperm species investigated had significantly lower branch damage compared to Pinus spp. This is probably because L. styraciflua and Quercus spp. have a very similar damage-risk, making the detection of differences in damage more difficult (Xi et al. 2008) . The difference between angiosperm and conifer trees may be due to the higher wood density observed in many slow-growing hardwood species (Zimmerman et al. 1994 ), compared to that of the fast-growing and shade-intolerant conifers. In contrast to Xi et al. Understanding the differences in probability of wind-damage between tree species and forest stands is important as damage affects the vertical, seasonal and diurnal pattern of micro-environmental condition in the canopy. The formation of gaps and the opening of the canopy due to topping of canopies, branch damage and severe defoliation are some mechanisms that can alter the forest micro-environment. Our study found that VPD was affected significantly by seasonal and diurnal cycles, height in the canopy and the modelled impact of hurricanes. However, our model showed that tree species is not an important factor in explaining differences in VPD between trees. The LM explained 83% of the total variance with 67% attributed to monthly fluctuation, 15% to plot altitude, 6% to height in the canopy and 12% to predicted hurricane damage. The decline in VPD with elevation can be attributed to several causes. The air has a lower water-holding capacity at higher altitude (because the temperatures are lower); also, rainfall and cloud occurrence are higher (Richards 1996) . This was clearly observed in one of the plots at EVSS level four (Figure 3) . VPD was significantly reduced at this plot due to its higher altitude (~2020 m asl) and possibly because of the shorter stand height observed at this plot. The low variability in that plot can be attributed to the recording failure of the logger equipment between November and June. Thus only data for the period between June-August was available for these trees. However, they also noted that these differences declined strongly after only 2 y, due to regrowth. Our study showed that mean VPD increased on sites that were more impacted by hurricanes at the lower, middle and upper canopy, with great variability among the different canopy positions. Similar results were observed by Turton & Siegenthaler (2004) in a rain forest in Australia after the passing of cyclone 'Rona'. They found that mean VPD was significantly higher compared to pre-disturbance measurements at a canopy height of 10 m; However, posthurricane VPD did not significantly differ at 20 and 30 m height in the canopy.
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